This is our new study in a series of publications devoted to exploration of applicability of high-performance liquid chromatography (HPLC) to providing answers to difficult questions from the area of the reaction kinetics and mechanisms with non-linear reactions. Although an excellent analytical performance of HPLC is an indisputable fact, so far its performance as a tool in the kinetic and mechanistic studies has been tested to a lesser extent. In our earlier studies, spontaneous peptidization dynamics of amino acids in solution was demonstrated by means of HPLC upon a few amino acid examples, and on that basis a theoretical model has been developed, anticipating an interdependence of dynamics on chemical structures of amino acids involved. In order to expand the spectrum of experimentally investigated amino acid cases, in this study we present the results valid for three novel amino acids of significant life sciences importance, which differ in terms of peptidization dynamics. Experimental evidence originates from the achiral HPLC with the evaporative light scattering detection and MS detection. A conclusion is drawn that different spontaneous peptidization dynamics of amino acids may significantly influence chemical composition of proteins encountered in living organisms. Hence, a need emerges for systematic physicochemical studies on spontaneous non-linear peptidization dynamics of proteinogenic amino acids in liquid abiotic (but also in the biotic) systems.
Introduction
In the paper (1), spontaneous oscillatory chiral conversion was, for the first time, reported for several propionic acid derivatives, stored for longer periods of time in 70% aqueous ethanol, based on the results originating from TLC (and other instrumental techniques) (2) . Later, an analogous evidence of spontaneous chiral conversion obtained with the use of high-performance liquid chromatography with diode-array detection (HPLC-DAD) was presented. We managed to demonstrate that the oscillatory chiral conversion is a general property, which characterizes the low-molecular-weight carboxylic acids from the groups of profen drugs (1), amino acids (3) and hydroxyl acids (4) , when dissolved in aqueous or non-aqueous solvents and stored for certain periods of time in solution. Chiral conversion of such compounds can occur according to the two different pathways. In aqueous solutions, the general scheme can be represented as (5) where X: -R (aliphatic) and Y: -NH 2 , -OH or -Ar (aromatic).
In anhydrous media and in the presence of trace amounts of water, the probable mechanism of chiral conversion is (6) From our earlier investigations, it came out that the oscillatory chiral conversion of the low-molecular-weight carboxylic acids occurs in parallel with the oscillatory condensation, which most probably has thermodynamic justification (2) . In papers (7, 8) , we presented the results of spontaneous oscillatory condensation for the three binary amino acid systems (L-Pro-L-Hyp, L-Pro-L-Phe and L-Hyp -L-Phe), dissolved in aqueous organic solvents. The parallel processes of chiral conversion and peptidization of amino acids can be illustrated by the following scheme (9):
In the paper (7), a theoretical model of spontaneous non-linear peptidization in the binary amino acid systems was developed, particularly focused on heteropeptide formation. This model assumes four different cases, and namely (i) the case, when two amino acids cannot form heteropeptides and even in a binary solution, they spontaneously produce homopeptides only; (ii) the case, when two amino acids of different non-linear peptidization dynamics can form heteropeptides, and dynamics of faster peptidizing amino acid governs an overall dynamics; (iii) the case, when two amino acids of different non-linear peptidization dynamics can form heteropeptides, and dynamics of slower peptidizing amino acid governs an overall dynamics and (iv) the case, when two amino acids of different non-linear peptidization dynamics can form heteropeptides according to cooperative mechanism, where none of the two species governs the process dynamics.
So far, spontaneous non-linear peptidization dynamics has been demonstrated on a set of four amino acids only, i.e., Phg, Phe, Pro and Hyp (2, 7, 8) , so the goal of this study is to investigate spontaneous non-linear peptidization dynamics with three novel amino acids, i.e., methionine (Met), histidine (His) and serine (Ser). Met is one of the two sulfur-containing proteinogenic amino acids only and acts as an intermediate in biosynthesis of different phospholipids (10, 11) . His and Ser are also proteinogenic amino acids; the former one acts as a precursor of histamine (12, 13) , and the latter one participates in biosynthesis of purines and pyrimidines (14) and plays an important role in a catalytic function of many enzymes (15) .
Experimental

Reagents
In this experiment, we used three amino acids (i.e., L-Met, L-His and L-Ser) of analytical purity, purchased from Reanal. Methanol was of HPLC purity (Sigma-Aldrich), and water was de-ionized and double distilled in our laboratory by means of the Elix Advantage model Millipore System. Solutions of the investigated amino acids were prepared in water at the concentration equal to 1 mg mL 21 HPLC with evaporative light scattering detection Monitoring of spontaneous non-linear peptidization dynamics of the investigated amino acids in water was performed with use of the achiral HPLC. The analyses of freshly prepared amino acid solutions were carried out using the Varian model 920 liquid chromatograph equipped with the Varian 900-LC model autosampler, the gradient pump, the Varian Pro Star 510 model column oven, the Varian 380-LC model evaporative light scattering detection (ELSD) detector, the ThermoQuest Hypersil C18 (5 mm particle size) column and the Galaxie software for data acquisition and processing. The analyses were carried out for the 3-mL aliquots of each investigated amino acid solution, using methanol-water (20:80, v/v) as mobile phase at the flow rate of 0.8 mL min 21 in the isocratic mode. The column was thermostated at 358C. The analyses for L-Met and L-Ser were carried out in the 10-min intervals for 18 and 20 h, respectively, while the analyses of L-His were carried out in the 15-min intervals for 10 h.
HPLC with mass spectrometric detection
To prove the presence of the peptides in the investigated amino acid solutions, the HPLC -MS analyses were performed for the freshly prepared amino acid samples and for those after 70.20 h (Met), 52.50 h (His) and 245.40 h (Ser) storage period.
The HPLC system described in the preceding section was additionally equipped with the Varian 100-MS mass spectrometric detector and the Varian MS Workstation v. 6.9.1 software for data acquisition and processing. Mass spectrometric detection was carried out in the ESI mode (ESI-MS scan, positive ionization, spray chamber temperature 508C, drying gas temperature 3508C, drying gas pressure 25 psi, capillary voltage 50 V, needle voltage 5 kV).
Freshly prepared and aged Met, His and Ser samples were analyzed in the integrated HPLC-ELSD-MS system, equipped with the two detectors. Additionally, freshly prepared and aged His samples in the 20-mL aliquots were analyzed in the LC-MS mode, due to this amino acid's high peptidization rates and a tendency of the resulting peptides to deposit on the chromatographic column. To this effect, the His samples were introduced through the guard column directly to the MS detector. Otherwise, the assumed working parameters of mass spectrometer were the same as those earlier described.
All experiments discussed in this study were performed at least in duplicate, in order to confirm the trends with the amino acid concentration changes and the respective mass spectrometric patterns (as in the case of spontaneous, i.e., uncontrolled, and non-linear processes, it is virtually impossible to commence measurements each time in an identical moment and obtain quantitatively identical results).
Results
HPLC-ELSD of Met, His and Ser
Chemical structures of Met, His and Ser are shown in Figure 1 . Met is the -S-CH 3 group containing amino acid, His contains an imidazole ring in its structure and Ser is an -OH group containing amino acid. All three are a-amino acids, which can formally be viewed as the n-propionic acid derivatives, substituted on C2 and C3 atoms. As they differ in structural terms, this feature should be reflected in differentiated dynamics of their peptidization also, and this study is focused on a comparison of this dynamics.
In order to demonstrate the oscillatory nature of peptidization, samples of the aqueous L-Met, L-His and L-Ser solutions were analyzed for the longer periods of time (Met and Ser in the 10-min intervals, and L-His in the 15-min intervals). In Figures 2a-i, we show nine chromatograms valid for Met, recorded in different time intervals. A display of these nine insets is meant to demonstrate a spectacular (because irregular) appearance and disappearance of three Met-derived peptidization products, denoted as peak 1 (t R ¼ 2.37 min), peak 2 (t R ¼ 6.11 min) and peak 3 (t R ¼ 7.80 min). In Figure 2a , we can see a single peak of Met (t R ¼ 4.46 min), valid for the freshly prepared solution. In Figure 2b (recorded after 10.40 h sample aging), an additional and eluting slower than Met peak 2 appears. Approximately 1 h later, another and eluting faster than Met peak appears, denoted as peptidization product 1. Occasionally, peptidization products 1 and 2 can be seen simultaneously (as in Figure 2e , recorded after 30.57 h sample aging). After 78.57 h the Met sample aging, peptidization product denoted as peak 3 appears, with the retention time even longer than peak 2 ( Figure 2h ). It needs adding that each of the three peaks denoted as peptidization products most probably represents more than one peptide type, due to the short time of a single analytical run (10 min), which makes complete peptide separation virtually impossible. In that way, we had to compromise separation in order to gain a quasi-kinetic insight in the dynamic changes of the peak originating from Met. The chromatograms recorded for His and Ser with the aid of the ELSD detector (and for the sake of conciseness, not presented in this study) reflect an analogous tendency with the appearing and disappearing respective peptidization products.
In Figures 3a -c , we show the time series of the chromatographic peak heights for Met, His and Ser, recorded with the ELSD detector. These changes of the peak height represent changing amino acid concentrations in the course of aging. Figure 3a illustrates these changes with Met in the period of 18 h. In the course of the initial ca. 2.5 h, one can see the oscillatory concentration drop, due to peptidization. For the next ca. 5.5 h, the Met concentration grows in an oscillatory manner, which represents an oscillatory tendency of the peptides to partially dissociate. Starting from the eighth hour of aging, the nonlinear drop of the Met concentration is again observed, which reflects a new shift toward oscillatory peptidization.
In Figure 3b , the time series of the chromatographic peak heights for His in the course of 10 h aging is presented. First, very rapid oscillatory concentration drop is observed for ca. 2.5 h. For the rest of the time, the His concentration oscillates within a rather stable value range, which is considerably lower than the initial His concentration. This relative stability is most probably due to clogging the column packing with the higher His-derived peptides. Thus, the packing became coated with the higher peptides and performed like an adsorption column, with most active sites on its surface occupied. One can add that at the end of the experiment, it needed real effort to rinse the chromatographic system (the sensitive ELSD detector In Figure 3c , the time series of the chromatographic peak heights valid for Ser in the course of 20 h aging is presented. A non-linear trend of the respective concentration changes is also evident, although unlike in the former two cases, one cannot point out to any distinct phase in this non-linear pattern. A noteworthy feature is that (unlike with the two other amino acids) in the first half an hour or so, concentration of Ser grows, which might suggest that its commercial form contains certain amount of peptides, which dissociate upon the initial contact with the solvent.
Due to the purposely fixed short sampling intervals (in order to gain a quasi-kinetic insight in the peptidization dynamics), the displacement mechanism showing competition between the monomeric amino acid and the resulting peptides is reflected in certain fluctuations of the retention times (t R ) for the monomeric species. With Met and Ser, these fluctuations were almost negligible (in the range of 4.16 -4.77 min and 3.74-4.10 min, respectively). With the rapidly peptidizing His, this fluctuation was higher and the retention time of the His monomer appeared in the range from 6.26 to 8.22 min.
HPLC-MS of Met, His and Ser
Coupling of HPLC with a mass spectrometric detector allowed a deeper insight into the chemical nature of the sample aging products. Mass spectra recorded for the freshly prepared samples and for those after certain storage period are shown in Figure 4 .
In Figures 4a and b , the chromatograms and mass spectra valid for Met after 5.00 and 70.20 h aging period are given. Apart from a rather insignificant difference of the retention time (equal to 4.59 and 4.29 min, respectively, for the fresh and the aged sample), changes of the mass spectra due to the sample aging are evident. In the first mass spectrum, the molecular ion of Met at (16) . In the fresh sample, signals originating from the peptides can also be seen, but their intensities equal to the mere 7.5% of molecular ion. In the case of the aged Met sample, the mass spectrum assumes a considerably different pattern. The signal of the molecular ion can hardly be seen and its intensity equals to 0.32 kCounts, yet the signals originating from the spontaneously peptidized species are galore. The most intense signals appear at m/z ¼ 326.21, 686.11 and 817.96, and they correspond þ ). Several more intense peaks originating from the peptides also appear in the course of aging, yet an overall difference between the two mass spectral patterns is almost insignificant, when compared with analogous results obtained for the remaining two amino acids. Based on what was stated in the preceding section on the tendency of His to coat the column packing with peptides, it can be concluded that these peptides largely get stuck on the column and do not appear in the effluent. Therefore, additional analyses were carried out with use of the LC-MS system equipped with a short guard column only, to avoid arresting of the high molecular weight peptides on the column. Respective results are going to be presented in the forthcoming section.
The third investigated amino acid was Ser and in Figures 4e and f, respective chromatograms and mass spectra valid for the freshly prepared sample and for that after 245.40 h aging period are given. When two chromatograms are compared, in the aged sample an additional peak can be seen, attributed to the reaction products. At a first glance, there is no spectacular difference between the mass spectra of the fresh and the aged sample. After a closer look, however, a considerable intensity drop of the molecular ion of Ser (m/z ¼ 104.80) can be noticed, which from 323.32 Counts for the fresh sample drops to 123.12 Counts in the course of 245 h aging. In the mass spectrum of the aged Ser sample, the predominant peak appears at m/z ¼ 351.26, which corresponds with the Ser þ (16). Last but not least, an overall intensity increase of the mass spectrometric signals in the aged Ser sample is observed, due to accumulation of considerable peptide amounts at the expense of monomeric Ser.
LC-MS of His
In order to avoid depositing of the His-derived peptides on the chromatographic column (as it was the case with the HPLC -ELSD and HPLC -MS system), the LC -MS system equipped with the short guard column was additionally employed. The obtained mass spectra are given in Figures 5a and b . In Figure 5a , the chromatogram and the mass spectrum registered immediately after dissolution of His in water (i.e., after 0.00 h storage period) are given. In this spectrum, the predomi- In Figure 5b , we show the chromatogram and the mass spectrum valid for the His sample after 1031.50 h storage period. In this spectrum, an intense signal derived from monomeric His (at Mass spectra presented in this section confirm our earlier hypothesis as to deposition of the higher molecular weight peptides on column packing in the HPLC -MS system. In the mass spectra originating from the LC -MS system, signals with the m/z values up to 3,500 units can be perceived. It cannot be excluded that even higher peptides are present in the aged His sample, which cannot however be registered due to technical limitations of our LC-MS setup.
Discussion
The main objective of this study consists in further exploration of applicability of the HPLC technique to tracing the reaction kinetics and mechanisms with the non-linear chemical processes of spontaneous chiral conversion and peptidization, involving selected amino acids and running in colorless solutions. Although an excellent performance of HPLC is a long-established and indisputable fact, so far it has attracted lesser attention as a robust and occasionally unique tool in the kinetic and mechanistic studies.
The results presented in this study add to the experimental evidence on the ability of amino acids to undergo spontaneous and oscillatory peptidization in an abiotic aqueous system. Differences in chemical structure of the investigated compounds are reflected in the dynamics of their peptidization. No doubt, the fastest peptidizing amino acid was His, to the point of rapidly depositing higher peptides on the column packing and practically disabling the chromatographic process. This is evidently due to the presence of two amino groups per one His molecule, the first-order amino group in the a position of the aliphatic skeleton and the second-order amino group in the imidazole ring. Thus, His can easily be involved in the two peptide ( -CO -NH -) bonds per one amino acid molecule and hence, in the formation of the 3D condensation products. Ser is also equipped with two functionalities, i.e., the -NH 2 and -OH group, thus being able to form two bonds per one amino acid molecule, i.e., the peptide and the ester bond, and to form the 3D condensation products. This ability is reflected in the respective pattern of the time series of the chromatographic peak heights (see Figure 3c ), which shows an oscillatory yet systematic concentration drop with monomeric Ser. Met is equipped with one functionality other than the carboxylic group, i.e., with the -NH 2 group, thus being able to form linear (2D) peptides only. This statistically lower ability of Met (as compared with His and Ser) to spontaneously peptidize is reflected in the respective pattern of the time series of the chromatographic peak heights valid for Met (see Figure 3a) . After an initial drop of the Met concentration and formation of certain amounts of peptides, a wellpronounced and lasting for several hours trend is observed of the oscillatory peptide dissociation, unlike with two other amino acids. Only then Met begins to again peptidize.
In our view, spontaneous structural instability of peptides, especially in abiotic systems, should attract more interest than it has done so far, especially from the side of physical chemists, biochemists peptide researchers, etc. Instability of peptides in biotic environments is a well-known fact and even so to say taken for granted, when provoked, e.g., by an enzymatic or bacterial action. On the other hand, peptides in abiotic systems tend to be viewed as rather stable entities and this stability is largely awaited from the side of bionanotechnologists, who expect to develop peptide nano-and microstructures into the scaffolds in tissue engineering, applicable in regenerative medicine, use them in easily controlled drug delivery systems, etc. An interesting overview on this subject matter is provided in (17) . From our long-term involvement in non-linear chemistry in general, and in spontaneous oscillatory chiral conversion and condensation of the lowmolecular-weight carboxylic acids in particular, it comes out that all such compounds (amino acids included) characterize with an inherent instability in abiotic systems, the property which first has to be in-depth explored, and only then exploited to the advantage of broadly understood life sciences.
Conclusion
This study contributes to the amino acid and peptide knowledge with the HPLC and MS patterns demonstrating different and molecular structure-related dynamics of spontaneous non-linear peptidization in the abiotic systems of Met, His and Ser, three proteinogenic amino acids playing vital roles in metabolic patterns of living organisms. Experimental evidence presented in this study provides partial justification of an earlier developed theoretical model of co-peptidization in the binary amino acid systems, which anticipates differentiated peptidization dynamics of different species as the heteropeptide building blocks.
